Research in two-dimensional (2D) materials has experienced rapid growth in the past few years. In particular, various layered compounds exhibiting quantum phenomena, such as superconductivity 1 and magnetism 2 , have been isolated in atomically thin form, often in spite of their chemical instability. The nature of the 2D phases can be different than their bulk counterparts, making such systems attractive for fundamental studies. Owing to their high crystallinity and absence of dangling bonds, devices and heterostructures incorporating these materials may also show performance exceeding that of traditional films. In this roadmap article, we focus on a few recent developments in spin-based quantum devices utilizing the 2D magnetic semiconductor, CrI3.
interaction in CrI3 is not mediated by itinerant carriers. In bilayers, both doping and a pure electric field generated from two opposing gates can switch the interlayer coupling between AFM and FM ordering (see Fig. 2 ). Combining this with tunnelling contacts can further allow for gatetunable TMR characteristics 24, 25 . These experimental highlights demonstrate the versality and potential of 2D magnetic semiconductors for spin-based quantum devices.
Current and Future Challenges
Despite this recent success, there are a number of challenges to be addressed in order to make such systems more technologically relevant. The most obvious limitation is that all the 2D magnetic semiconductors reported so far have a Tc below room temperature, and so will not yet be suitable for practical devices. Another issue is that the conductance of tunnel devices is rather low, thus limiting their possible switching speeds. In Fig. 1b , we have plotted the DC junction resistance at the voltage bias for peak TMR as a function of CrI3 thickness for all the devices reported so far in the literature normalized to their area. There is a clear trade-off in that both the resistance and TMR decrease substantially with decreasing thickness, as is expected for tunneling. Yet, even in bilayers, the resistance is ~10 -2 Ω-cm 2 , larger than that for standard magnetic tunnel junctions (~10 -4 Ω-cm 2 ). Finally, for memory applications it is desirable to be able to switch between the resistive states with extremely small magnetic fields obtainable from on- chip circuit elements (~1mT). The interlayer magnetic coupling in the CrX3 family yields much larger critical fields (~1T), however. While doping can be used substantially reduce this value, it appears that the interlayer AFM ground state is also destabilized 21 .
Advances in Science and Technology to Meet Challenges
While the relative low Tc is an inherent limitation of the material, there have been several reports predicting other 2D magnetic semiconductors at room temperature 26, 27 . As far as we know, they yet await experimental realization. The resistance of the tunnel junctions can be improved, in principle, by selecting metal electrodes with a lower workfunction, such as aluminum. Unfortunately, materials such as CrI3 are not directly compatible with conventional fabrication procedures as they will quickly degrade in the air environment. Graphene contacts has been used as a work-around as layered heterostructures can be fully assembled in inert atmosphere. This may actually speak to a larger problem, and thus prompt the development of fabrication tools that are miniaturized in gloveboxes. Finally, the critical switching fields can be lowered by weakening the strength of the interlayer AFM coupling. This may be potentially achieved by chemically changing the interlayer spacing or even re-stacking monolayer samples with a controlled twist angle, similar to what has been demonstrated for other 2D materials. 
Concluding Remarks
Overall, the relatively young field of 2D magnetism has already led to many exciting results. The TMR physics and electrical control of magnetism may be of significant fundamental interest for the materials and device communities. Nevertheless, it remains to be seen whether the many technical hurdles can be overcome to make such systems more appealing for applications.
